Abstract -This paper presents the proposal of a three-phase current-source shunt active power filter (CS-SAPF) with photovoltaic grid interface. The proposed system combines the compensation of reactive power and harmonics with the injection of energy from a solar photovoltaic array into the electrical power grid. The proposed equipment presents the advantage of giving good use to the current-source inverter, even when the solar photovoltaic array is not producing energy. The paper describes the control system of the CS-SAPF, the energy injection control strategy, and the current harmonics and power factor compensation strategy. Simulation results to assess the performance of the proposed system are also presented.
INTRODUCTION
Climate change and the problems associated with the use of fossil fuels are forcing the shift to new energy sources. Renewable energy sources are a good alternative to conventional energy sources, because they present a lower environmental impact, and take advantage of natural resources. Renewable energy expansion is a trend in Europe and generally in all the world. The European Union goals in terms of the use of renewable energy sources are 20% renewable energy share in energy consumption by 2020 [1] . China, United States, and other countries are pursuing similar goals, with China aiming to a share of 15% to the total primary energy in 2020 [2] and United States with incentives both in state scope or federal scope to renewable energy use [3] [4] . Solar photovoltaic is one of the renewable energy sources that has been more increasingly explored. Over the years solar photovoltaic technology has been developed and the prices either of the solar photovoltaic panels, as well as the price of the power converters, have been consistently lowering [2] [5].
Today's solar photovoltaic systems integrate a solar array and power electronics systems that allow perform the power conversion from the solar photovoltaic arrays to the electrical grid. In an isolated system, the system is connected directly to the loads. Generically this system integrates a dc-dc power converter and a dc-ac power converter. The dc-ac converter is connected to the electrical grid using first or second order passive filters. Solar photovoltaic systems can be therefore classified in terms of power and in terms of the type of power converters that constitute it [3] .
The main adopted inverter topology is the voltage-source inverter. Nevertheless there has been made some research with current-source inverters applied to solar photovoltaic systems [6] [7] . Current-source inverters have been used in other power electronics applications such as active filters, motor drives and renewable energy applications [8] [9] . The advantages of this type of inverter are the good quality output currents and the fact of being robust [10] . The disadvantages are the bulky dc-link inductance, and the increased dc-link energy losses.
In this paper is proposed the use of a current-source shunt active power filter (CS-SAPF) to perform the interface between the electrical grid and a solar photovoltaic array. The control of the CS-SAPF, alongside with the energy injection capability, also integrates low power factor compensation, and current harmonics compensation.
II. CS-SAPF WITH SOLAR PHOTOVOLTAIC INTERFACE TOPOLOGY
The topology of the proposed current-source inverter is constituted by a three-phase current-source inverter and a step-up converter connected to the dc-link (Fig. 1) . The power switches in the inverter are RB-IGBTs. This is necessary Fig. 1 . Topology of the proposed three-phase current-source shunt active power filter (CS-SAPF) with solar photovoltaic grid interface. because in a current-source inverter, the power switches must withstand direct and reverse voltages. In the dc-dc converter, S7 is a conventional IGBT and S8 is a RB-IGBT.
The three-phase current-source inverter is responsible by inject energy into the electrical grid and, at the same time, inject reactive energy into the grid, and compensate current harmonics generated by a nonlinear load, placed in parallel with the inverter. The compensation is performed measuring the nonlinear load currents iL{a,b,c}.
The operation of the dc-link step-up converter is divided in two steps represented in Fig. 2 . In the first step, S7 and S9 are on. In this state, the current of the panels (iP) flows through LST and S9 injecting energy in the dc-link inductance. At the same time, the current of the dc-link (iDC) flows through the capacitor CDC. In the second step, S7 and S9 are off, and the current of the panels (iP) flows through the capacitor CDC, charging it again. In this way is possible to have more current in the dc-link or less, than the maximum power point (MPP) current of the panels. This enables the reactive energy injection, and load current harmonics compensation with large amplitudes, while injecting energy into the electrical grid.
The interface between the dc-dc converter and the dc-link of the CS-SAPF is done using S9 and D1. This interface is a voltage-to-current converter similar to what is used in [11] . This circuit is a voltage-to-current converter, which is responsible for transferring the energy stored in capacitor to the dc-link inductor of the CS-SAPF. This circuit allows the flow of the dc-link current either by the diode D1, when the capacitor CDC is being charged with the energy that comes from the solar photovoltaic array, or discharge it by making flow the current through S9.
A. Grid Energy Injection and Compensation Strategy
In order to inject energy into the electrical grid, is necessary convert the dc current produced by the panels into ac current, in this case three-phase ac current. Also, is necessary ensure that the maximum power is extracted from the panels in every moment. To deal with all this features at the same time that is injected reactive energy and are compensated the load harmonics, was implemented the control algorithm depicted in Fig. 3 . To detect the harmonics and generate the references was implemented a control based in the p-q Theory. This power theory was extensively used in active filters [12] [13] .
To determine the reference currents iFα and iFβ is necessary in the first place calculate p and q:
After the compensation, only the average value of the instantaneous real power ( p ) is desirable, and the other power components must be compensated. So to ensure this, is determined the average of p:
The mean value of p is then calculated subtracting the average value to p as:
The reference dc-link current, iDC*, is calculated using p , q and PPV. It must be referred that PPV is the instantaneous power in the input of the dc-dc converter. After calculating icα and icβ, the dc-link reference current is calculated using:
The control of the dc-link current is performed by a proportional-integral (PI) controller. In this way, the CS-SAPF is constantly injecting the energy produced by the solar photovoltaic panels into the electrical grid. It must be referred that the output currents of the inverter are feedbacked to the control. Nevertheless, because the inverter is current-source 
B. Maximum Power Point Tracker Algorithm
The adopted maximum power point tracker (MPPT) algorithm was Incremental Conductance. This method, although is more complex than other methods, has a good performance [14] . Furthermore, this is a true MPPT and when the maximum power point (MPP) is reached, the algorithm stays in that operating point, until is detected some change. To implement this algorithm is necessary measure the photovoltaic array output voltage (vP) and output current (iP). In Fig. 4 is possible to see the flowchart of the implemented MPPT algorithm. The MPPT algorithm controls directly the duty-cycle imposed to the dc-dc converter.
C. Resonance Damping Strategy
Considering that the passive filters of a current-source inverter are usually of type CL, which are second-order passive filters, this leads to a second-order system, with a defined resonance frequency. Therefore in the control of the inverter must be integrated mechanisms to damp the resonance caused by the passive filters. One strategy similar to that is done in [15] , consists in calculate a damping current based in the predicted current that flows in the capacitor, and subtract it to the reference current. To implement this strategy the current that flows in the capacitor can be expressed as:
, its possible predict the capacitor current (iCP) as in (6) . Fig. 1 is possible to see that the capacitor current depends of the output current and the grid voltage. The part originated by the grid voltage can be compensated injecting a constant reactive power value ( q ) in the reference currents generation. So to compensate only the transitory caused by the variation of the reference current, can reduced to:
This method has the advantage of not require any extra current or voltage sensors. The disadvantage is that if the parameters of the model vary, the method will lose performance.
To complement the aforementioned damping method was also implemented a virtual harmonic damper. To do this, are calculated the distorted components voltage using the grid voltages subtracted to the phase-locked loop (PLL) and the output reference current as: (8) Considering that the grid voltages usually are distorted, if we subtract the (PLL) generated voltages to the measured grid voltages, the result signal will be resulting by the grid voltage distortion caused by the loads and the dynamics of the passive filters. The combination of the two aforementioned strategies can be seen in Fig. 5 . It must be referred that (7) and (8) are discretized so that can be implemented in the digital controller.
Finally, the reference current that includes the damping current, the solar photovoltaic injecting current and the load compensating current, is sent to the space-vector modulation block. This block determine the sector where is located the current reference vector and the switching times. Then compares the times with a saw-tooth wave and places the inverter in the states that are necessary to synthetize the reference current. The switching frequency of the inverter is 32 kHz. III.
SIMULATION RESULTS
In order to determine the performance of the proposed CS-SAPF with solar photovoltaic interface, was developed a simulation model similar to what is depicted in Fig. 1 . The model parameter values are shown in Table I. The load is constituted by a three-phase full-bridge rectifier with a RL(R=26 Ω, L=146 mH) placed in the dc-link and a three-phase balanced RL (R=23 Ω, L=95mH) load. These two loads were chosen because the resulting currents will be distorted and the power factor will be low.
In Fig. 6 can be seen the simulation results of the CS-SAPF when compensates the load at the same time it injects energy in to the grid. As can be seen, in Fig. 6 (a) , the source currents are sinusoidal and in phase with the voltages. The CS-SAPF injects currents (Fig. 6 (b) ) that compensate the load currents Fig. 6 (c) . The figure also shows that the source current amplitudes are inferior to the load currents. This demonstrates that the reactive power is being compensated. Also, this attests that the solar photovoltaic generated energy is being injected into the electrical grid lowering the rms value of the source currents. In this way the source current are reduced, because the reactive power is compensated and the CS-SAPF contributes with energy from the solar photovoltaic array to the load. Table II shows the measured results of the simulations. As can be seen, the total harmonic distortion (THD%) of the source currents is lower than the load currents. The power factor is higher in the source. This indicates that the CS-SAPF is operating correctly.
The rms values of the source currents are very low when compared with the load currents. This confirms the statement that the CS-SAPF is injecting energy into the grid and that in the case, this energy is being consumed by the load. Fig. 7 (a) shows the dc-link current iDC. As can be seen, the dc-link current, although the load is a nonlinear load, has an insignificant ripple. The dc-dc converter capacitor has some influence in this low current ripple. The voltage in this capacitor has also low ripple Fig. 7 (b) .
The simulation results of the MPPT algorithm operation are shown in Fig. 8 . The figure shows that the MPPT algorithm tracks effectively the operation power of the solar photovoltaic array. In Fig. 7 IV.
CONCLUSIONS
In this paper was presented a current-source shunt active power filter (CS-SAPF) that can work simultaneously as active filter (to compensate current harmonics and power factor) and also as interface of solar photovoltaics with the electrical power grid. The paper describes the control algorithms and the power converters that constitute the proposed CS-SAPF. Also are presented the simulation results obtained with the developed model. The simulation results show that the CS-SAPF operates correctly, when compensating nonlinear load harmonics and reactive power, at the same time that injects energy into the electrical power grid. In the future will be implemented a prototype of the proposed equipment in order to obtain experimental results. This will allow to confirm the simulation results and better assess the behavior of the proposed equipment. 
